environmental conditions, such as in the climate, could cause critical transitions from a forest 23 towards a savanna ecosystem. Shifts to savanna might also occur if perturbations such as 24 deforestation exceed a critical threshold. Recovering the forest would be difficult as the 25 savanna will be stabilized by a feedback between tree cover and fire. Here we explore how 26 environmental changes and perturbations affect the forest by using a simple model with 27 alternative tree-cover states. We focus on the synergistic effects of precipitation reduction and 28 deforestation on the probability of regime shifts in the south-eastern Amazon rainforest. The 29 analysis indicated that in a large part of the south-eastern Amazon basin rainforest and 30 savanna could be two alternative states, although massive forest dieback caused by mean-31 precipitation reduction alone is unlikely. However, combinations of deforestation and climate 32 change triggered up to 6.6 times as many local regime shifts than the two did separately, 33 causing large permanent forest losses in the studied region. The results emphasize the 34 importance of reducing deforestation rates in order to prevent a climate-induced dieback of 35 the south-eastern Amazon rainforest.
Introduction

39
Every year, large areas of rainforest are being deforested in the Amazon. In addition, The existence of alternative stable states implies that an ecosystem can be in several 51 alternative states under the same external conditions. When the system is perturbed slightly, it 52 will return to the stable equilibrium. However, when a perturbation exceeds a certain size, the 53 system will move to an alternative equilibrium. Such a regime shift can also occur when the There is increasing evidence that fire is the mechanism for creating alternative stable establish. Next to the internal feedbacks, also climatic conditions influence the probability of 77 fire; the drier it is, the more intense fires tend to be (Pueyo et al., 2010) , so the more likely a 
143 144 with the fire intensity I(P,T) (-) defined as: For an explanation of the parameters, see The parameterization of the model (Table 1) forest-savanna bistability range of approximately 1000−2500 mm yr -1 (Fig. 2) . 
212
Because past disturbances have been severe in this region, regional tree cover may be 213 out of equilibrium. As we were interested in how far from equilibrium and how close to a 214 regime shift tree cover in the study area is, we did not exclude human-used areas here. have an observed tree cover of at least 0.60 and also stabilized at the forest state in the model.
228
Gradual climate change was simulated by decreasing MAP with steps of 0.01 times 229 the measured value for each cell. At each step, observed tree cover was set as initial condition. 
Results
242
The parameterization resulted in a model with three stable tree-cover states: forest (T ≈ 0.85), with the continental parameterization data (Fig. 2) . The multi-modality in the data was not (Table S1 ). In the study 254 area, the 2 was 0.81 (Table S3) .
255
Resampling of the data in the study area did hardly affect the distributions of forest 256 and savanna and the modes in the frequency distribution of tree cover ( to the savanna state at lower levels of these perturbations than by themselves. Furthermore, 282 more cells underwent a regime shift in the simulated ranges of the perturbations (Fig. 4) . This the respective precipitation reduction and deforestation separately (Fig. A7 ). The largest 286 interaction effect was found at a reduced MAP of 32% and deforestation of 14% at each cell, 287 when 6.6 times as many shifts were observed. 
Discussion
300
We presented a simple model that has three alternative tree-cover states and was fitted on as the system is still in the basin of attraction of the forest state. However, savanna has 328 become an alternate stable state, so a simultaneous deforestation of 30% (2) may push the 329 system across the unstable equilibrium (3). The system then moves to the savanna state (4).
330
Note that the position of a site relative to the unstable equilibrium line in the model 331 determines at which combinations of precipitation reduction and deforestation the system 332 undergoes regime shifts.
334
The modeled relationship between tree cover and fire intensity agrees with the empirical (tree cover) and the area covered by herbaceous species (1 -tree cover) can be obtained. This 
359
We checked whether the bimodality in the tree-cover distribution could be explained 360 by bimodality in annual temperature or precipitation, but this was not the case. Staver et al.
361
(2011b) found, however, that at very strong rainfall seasonality forests are rarely found. This The frequency distribution of tree cover in tropical and subtropical South America
553
(13°N−35°S; excluding human-used areas) is trimodal (Fig. A1) . These were 0.04 and 0.56 (Fig. A1) , so the three groups (or regimes) were determined as 0 ≤ and T = 0.81; T = 0 is not present after resampling (Fig. B1B) . Of the resampled cells, 1% (14 597 out of a total of 1160) was entirely treeless, 51% (587 in total) had tree cover up to 0.60 and 598 48% (559) were forested. Both before and after resampling, forest was found to exist mainly 
612
We checked how tree cover in the study area relates to environmental variables. Besides MAP 613 (Fig. B3) (Table B1) . We also calculated the adjusted 2 in the study area (Table C1 ). The average of five 633 samples is R 2 = 0.81, which is lower than in the parameterization dataset (R 2 = 0.90). 
622
635
645
The interaction effect between deforestation and precipitation reduction was quantified as the 646 relative increase in the number of regime shifts at a certain combination of the two compared 647 to the number of shifts at deforestation and precipitation reduction separately. and in its original form is parameterized as in Table D1 . smaller than of the paper presented in this paper (Fig. D1) 
668
